Elevated sympathetic tone and activation of the renin-angiotensin system are pathophysiologic hallmarks of hypertension, and the interactions between these systems are particularly deleterious. The importance of Rho kinase as a mediator of the effects of Angiotensin-II in the periphery is clear, but the role of Rho kinase in sympatho-excitation caused by central angiotensin-II is not well-established. We hypothesized that angiotensin-II mediates its effects in the brain by activation of the RhoA/Rho kinase pathway. Chronically instrumented, conscious rabbits received the following intracerebroventricular infusion treatments for two weeks via osmotic minipump: angiotensin-II, the Rho kinase inhibitor Fasudil, angiotensin-II plus Fasudil, or a vehicle control. Angiotensin-II increased mean arterial pressure over the course of the infusion, and this effect was prevented by co-administration of Fasudil. Angiotensin-II increased cardiac and vascular sympathetic outflow as quantified by the heart rate response to metoprolol and the depressor effect of hexamethonium; co-administration of Fasudil abolished both of these effects. Angiotensin-II increased baseline renal sympathetic nerve activity in conscious animals and impaired baroreflex control of sympathetic nerve activity; again Fasudil co-infusion prevented these effects. Each of these endpoints showed a statistically significant interaction between angiotensin-II and Fasudil. Quantitative immunofluorescence of brain slices confirmed that Rho kinase activity was increased by angiotensin-II and decreased by Fasudil. Taken together, these data indicate that the hypertension, elevated sympathetic outflow, and baroreflex dysfunction caused by central angiotensin-II are mediated by Rho kinase activation and suggest that Rho kinase inhibition may be an important therapeutic target in sympatho-excitatory cardiovascular diseases.
INTRODUCTION
Activation of the renin-angiotensin-aldosterone system (RAAS) and sympatho-excitation are important maladaptive mechanisms in cardiovascular, renal, and metabolic disease [1] [2] [3] [4] . In these chronic diseases, the RAAS and the sympathetic nervous system interact in a particularly deleterious, feedforward manner 5, 6 . The primary effector peptide of the RAAS, angiotensin-II (AngII), acts via the AngII type 1 receptor (AT1R) in the brain to raise blood pressure, increase sympathetic outflow, and impair baroreflex function 7, 8 . Recently, the intracellular mediators of AT1R signaling in both the periphery and the brain have garnered increasing interest [9] [10] [11] . Specifically, signaling in autonomic centers in the forebrain like the subfornical organ (SFO) and the paraventricular regions of the hypothalamus (PVH) is particularly important experimental models of AngII-induced hypertension and cardiovascular disease [12] [13] [14] [15] [16] .
Many studies have shown that the RhoA/Rho kinase pathway is a crucial downstream effector of AT1R activation by AngII in the heart, endothelium, and vasculature [17] [18] [19] . RhoA/Rho kinase is particularly important in actin cytoskeleton assembly, calcium sensitization, and nitric oxide bioavailability 20, 21 . Patients with diseases characterized by RAAS activation and autonomic dysfunction like hypertension and heart failure have elevated peripheral Rho kinase activity [22] [23] [24] [25] .
While logistical issues have prevented assaying central Rho kinase activity in patients, central Rho kinase activity is elevated in experimental models of hypertension and heart failure 24, [26] [27] [28] [29] . Moreover, central Rho kinase inhibition has beneficial autonomic effects in experimental models of cardiovascular disease 24, 26, [28] [29] [30] [31] . Despite the importance of Rho kinase in peripheral AT1R signaling and central autonomic regulation, the interaction between the autonomic effects of central AngII and the Rho kinase pathway has never been directly tested. Therefore, in the present study, we hypothesized that AngII mediates its central effects by activation of the Rho kinase pathway, leading to baroreflex dysfunction, increased sympathetic tone, and hypertension.
MATERIALS AND METHODS

Animals
A more detailed description of the materials and methods can be found in the online supplemental file. Experiments were carried out on male New Zealand White rabbits ranging in weight from 3.1 to 4.5 kg (Charles River Laboratories, International, Wilmington, MA). All experiments were reviewed and approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee and carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Within-rabbits Cohort
To test the hypothesis that Rho kinase activation mediates the hemodynamic and autonomic effects of central AngII, six rabbits were instrumented with arterial pressure (AP) radiotelemetry transducers and intracerebroventricular (ICV) cannulae. Each rabbit received ICV infusions of AngII (40 ng/min; Sigma-Aldrich Corp., St. Louis, MO), AngII plus the Rho kinase inhibitor Fasudil (Fas, 175 ng/min; GeneDEPOT, Barker, TX), Fas alone, and artificial cerebrospinal fluid vehicle (Veh) via osmotic minipump in a randomized order. Mean arterial pressure (MAP) and HR were measured daily, and volume status 32 , cardiac parasympathetic tone 33 , cardiac sympathetic tone, global sympathetic vasomotor tone, and baroreflex function were assessed on days 10 through 14 of treatment by IV administration of FITC-sinistrin, autonomic blockers, or vasoactive drugs. This time period (days 10 through 14 of treatment) is referred to as the late phase of treatment. Between treatment infusions, rabbits received a 7-14 day washout with a Veh minipump.
Between-rabbits Cohort
To test the hypothesis that Rho kinase activation mediates the renal sympatho-excitation caused by central AngII, rabbits were instrumented with radiotelemetry transducers, ICV cannulae, and renal sympathetic nerve electrodes. Seven days after renal nerve electrode surgery, resting RSNA and baroreflex control of RSNA were assessed. Not all chronic sympathetic nerve electrode implantations were successful (Online Figure S4B ), and rabbits without RSNA bursts one week after implantation were excluded from the study. Rabbits were subsequently euthanized and perfused with paraformaldehyde, and their brains were collected for molecular analysis.
Assessment of Rho Kinase Activity
To validate that central AngII activates Rho kinase and that this activation is inhibited by Fasudil, Rho kinase activity was assessed using a LiCor Odyssey scanner to perform quantitative immunofluorescence 34 on sagittal brain slices with antibodies raised against the 695-threonine phosphorylated form of the Rho kinase target myosin phosphatase targeting protein (p-MYPT).
Statistical Analysis
Individual data are shown via dot plots with each dot representing one rabbit, and group data are displayed as group mean ± SEM. Statistical testing on endpoints from the within-rabbits study was performed using two-way or three-way repeated measure (RM) analysis of variance (ANOVA) with α = 0.05. Statistical testing on endpoints from the between-rabbits study was performed using two-way ANOVA with α = 0.05. The P values for the AngII, Fas, and AngII × Fas terms from the ANOVA are reported throughout the manuscript. Crucial to the central hypothesis of this manuscript, P AngII × Fas < α indicates that the response to AngII is significantly modified by Fas, i.e. that there is a non-additive interaction between AngII and Fas. This allows for statistical testing of the hypothesis that the effects of AngII are mediated by the Rho kinase pathway. In the absence of a significant interaction (i.e. P AngII × Fas >> α), P AngII < α indicates that AngII significantly affects the endpoint independent of Fas. This would be the expected result for a Rho kinase-independent effect of AngII. If the ANOVA reached statistical significance, it was followed by Bonferronicorrected, paired t-tests of Veh versus AngII and AngII versus AngII+Fas (α = 0.025). These t-tests were chosen as they most closely relate to the central hypothesis of the study while other t-tests (e.g., Veh vs. Fas) were foregone in order to decrease the effect of corrections for multiple comparisons on power.
RESULTS
Baseline Hemodynamics
We set out to evaluate the role of the Rho kinase pathway in the effect of AngII on basal hemodynamics by measuring MAP and HR daily over the course of ICV treatments ( Figure  1A ). Power analysis and treatment order for this cohort can be found in Online Figure S1 . Compared to Veh treatment, ICV infusion of AngII significantly increased MAP in all rabbits ( Figure 1B and 1C ), and this increase in MAP was abolished by co-administration of Fas. The statistically significant interaction between AngII and Fas indicates that ICV AngII-mediated increases MAP are dependent on Rho kinase activation. Conversely, none of the treatments had a significant effect on HR during the entire course of the infusion ( Figure  1D ) or in the late phase of infusion ( Figure 1E ).
Pharmacological Assessment of Autonomic Balance
Cardiac parasympathetic tone was assessed by the HR response to atropine. This was not significantly affected by any ICV treatment (Figure 2A , Online Table S1 ). Cardiac sympathetic tone assessed by the HR response to metoprolol was significantly increased by ICV infusion of AngII, and this cardiac sympatho-excitation was blocked by Fas coadministration ( Figure 2B , Online Table S2 ). The statistically significant interaction between AngII and Fas indicates that the AngII-mediated cardiac sympatho-excitation depends on Rho kinase activation.
Global sympathetic vasomotor tone assessed by the MAP response to hexamethonium was significantly elevated by ICV infusion of AngII, and again co-administration of Fas blocked this elevation despite Fas alone having little effect ( Figure 2C , Online Table S3 ). This interaction between AngII and Fas indicates that AngII elevates sympathetic vasomotor tone by Rho kinase activation.
Assessment of baroreflex function with vasoactive drugs showed that ICV AngII caused a right-shift of the cardiac baroreflex curve in these rabbits without significantly affecting any other indexes of cardiac baroreflex function like gain or range (Online Figure S2 and Table  S4 ). Fas decreased the lower HR plateau independent of AngII, consistent with Fasmediated augmentation of maximal vagal outflow. Assessments of volume homeostasis showed that, despite increases in MAP, extracellular fluid volume was not decreased in rabbits receiving ICV AngII, nor did AngII affect other two-compartment model parameters (Online Figure S3 and Table S5 ).
Baseline RSNA
We set out to directly measure RSNA in conscious rabbits using the experimental paradigm shown in Figure 3A . The power analysis and flow diagram for this cohort is shown in Online Figure S4 . Baseline hemodynamics are shown in Table S6 ; notably, AngII-treated rabbits in this cohort were hypertensive while HR did not significantly differ between treatment groups.
Rabbits receiving ICV AngII had significantly increased baseline RSNA when quantified as a percent of the nasopharyngeal reflex ( Figure 3B and 3C) and tended to exhibit increased RSNA burst frequency and burst incidence ( Figure 3D and 3E) . Again, Fas alone had little effect, and the statistically significant interaction between AngII and Fas with regard to normalized RSNA and RSNA burst incidence indicates that AngII-mediated renal sympathoexcitation depends on Rho kinase activation.
Baroreflex Control of Renal Sympathetic Nerve Activity
ICV AngII impaired baroreflex control of RSNA compared to Veh treatment, and Fas coadministration prevented this baroreflex dysfunction ( Figure 4A and 4B). When RSNA was expressed relative to basal RSNA, rabbits receiving AngII showed decreased RSNA baroreflex range (Online Table S7 ), with the upper plateau significantly lower (P < 0.025 vs. Veh) and the lower plateau significantly higher (P < 0.025 vs. Veh). These effects depended on Rho kinase activation (P AngII × Fas < 0.05). Similarly, AngII treatment lowered baroreflex gain when expressed as a percentage of basal RSNA (P < 0.025 vs. Veh) only in the absence of Fas coadministration.
We also analyzed baroreflex curves with RSNA normalized to the nasopharyngeal reflex to account for the aforementioned differences in baseline RSNA ( Figure 4C and 4D). When RSNA was normalized in this manner, the gain and the range of the RSNA baroreflex curves tended to be decreased by AngII infusion, but these trends did not reach statistical significance, indicating that these effects are at least partially related to the differences in basal RSNA. Even after normalization to the nasopharyngeal reflex, the lower plateau was significantly higher in AngII-infused rabbits compared to the Veh group (P < 0.025), and this increase depended on Rho kinase activation (P AngII × Fas < 0.01). Thus, central AngII acts via Rho kinase activation to cause deficits in the capacity for baroreflex-induced sympatho-inhibition regardless of how RSNA was normalized.
Assessment of Rho Kinase Activity
Rho kinase phosphorylates MYPT in the brain 35 , and this phosphorylation was used as a marker for Rho kinase activity. AngII treatment increased Rho kinase activity in the SFO, PVH, as well as the entire slice ( Figure 5 A-D) . Interestingly, in the SFO, AngII treatment increased Rho kinase in a Fas-independent manner, and Fas decreased Rho kinase activity in an AngII-independent manner, whereas in the PVH and diffusely, AngII and Fas showed a statistically significant interaction.
DISCUSSION
In the present study we show that central infusion of AngII increases blood pressure, elevates sympathetic outflow, and blunts baroreflex function by downstream activation of Rho kinase ( Figure 6 ). This study builds upon a previous study from our laboratory performed in the rabbit pacing model of chronic heart failure which showed that central infusion of Fas improved baroreflex function and cardiac autonomic balance in the setting of heart failure 26 . These data are also consistent with other studies in hypertensive rat models which have described central activation of Rho kinase and shown benefits from central Rho kinase inhibition [28] [29] [30] [31] . Ito et al. showed that transfection of the nucleus tractus solitarius (NTS) of both spontaneously hypertensive and Wistar-Kyoto rats with a dominant-negative Rho kinase results in decreases in MAP, HR, and urinary norepinephrine excretion 28 . These effects were greater in the spontaneously hypertensive rats, which also had greater Rho kinase activity in the NTS compared to Wistar-Kyoto control rats. Our study also corroborates one of these studies, which found that subchronic central administration of the Rho kinase inhibitor Y27632 prevented the pressor effect of central AngII in Wistar-Kyoto rats 31 . This rat study did not include rats receiving the Rho kinase inhibitor alone and thus was unable to address the central hypothesis of the current study, nor were direct measurements of sympathetic nerve activity or baroreflex function performed.
Baroreflex function, sympathetic outflow, and AP interact in complex ways which merit further discussion. Studies of baroreceptor unloading and stimulation implicate the baroreflex as an important controller of chronic sympathetic outflow and arterial pressure [36] [37] [38] [39] [40] [41] [42] . This gives weight to the possibility that Rho kinase activation mediates sympathetic baroreflex dysfunction which underlies the sympatho-excitation and hypertension caused by central AngII. In particular, elevated RSNA is crucial to the development of hypertension because of its ability to impair the powerful homeostatic mechanism of pressure-natriuresis [43] [44] [45] . In the within-rabbits cohort, neither extracellular fluid volume nor the high-perfusion compartment volume, which is a surrogate for intravascular blood volume, were decreased by AngII treatment despite a 19 mmHg increase in AP, implicating a deficit in pressure-natriuresis with central AngII. This departure from expected pressure-mediated volume regulation corroborates the idea that elevated RSNA facilitates chronic elevations in AP during central AngII.
Because of the inherent difficulties in the normalization of RSNA, it is unclear whether the reported sympathetic baroreflex dysfunction in AngII-treated rabbits leads to elevated RSNA or if it is the increased RSNA which causes the sympathetic baroreflex to appear perturbed. Clearly, normalizing the RSNA baroreflex by the nasopharyngeal reflex instead of the baseline RSNA greatly attenuates the AngII-mediated decrease in sympathetic baroreflex sensitivity and range. But any further interpretation is prone to a classic chicken-and-egg dilemma as it is just as reasonable that the AngII-mediated baroreflex dysfunction underlies the observed increases in RSNA as it is that the AngII-mediated increase in baseline RSNA results in apparent baroreflex dysfunction. Regardless of how RSNA is quantified, AngII causes a deficit in the maximal pressor-mediated sympatho-inhibition, perhaps indicating that baroreflex dysfunction is the primary disturbance. Of course, elevations in AP per se Pellegrino 
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The activity of Rho kinase in the brain of these rabbits showed interesting differential patterns. In the SFO, which is a primary sensor and essential mediator of the effects of central and peripheral AngII 10, 48 While solid evidence indicates that central AngII stimulates Rho kinase via AT1R activation 31 , the intermediaries between AT1R and RhoA/Rho kinase in the brain remain to be elucidated. In the periphery, AT1R signaling stimulates the RhoGEFs Arhgef1 19 and p63RhoGEF 22 , which activate RhoA/Rho kinase, and inhibits the RhoGAP p190A 49 which, in turn, inhibits RhoA/Rho kinase. It is likely that these same mediators are important in the transduction between AT1R and RhoA in the brain, but other factors may play an important role and this area merits further study.
The downstream molecular mechanisms by which Rho kinase mediates its effects are likely multiple. Rho kinase is a crucial part of feedforward AngII-mediated oxidative signaling in the endothelium and may play a similar role in sympatho-excitatory superoxide signaling in the preautonomic centers of the brain 12, 18 . The RhoA/Rho kinase pathway is directly activated by reactive oxygen species 50, 51 and stimulates the formation of superoxide by NADPH oxidase 17, 52, 53 . Closely intertwined is the effect of Rho kinase to decrease the production of sympatho-inhibitory nitric oxide, which rapidly reacts with superoxide 54 . These free radicals affect neuronal excitability by altering K + and Ca 2+ currents 10, 55 . Additionally, Rho kinase is known to play a fundamental role in neurotransmitter release and dendritic spine formation 28 , and thus Rho kinase inhibition might prevent the release of sympatho-excitatory neurotransmitters and impair neuroplastic conversion to a sympathoexcitatory phenotype.
The two Rho kinase isoforms (ROCK1 and ROCK2) share approximately 90% homology in their kinase domains but despite this structural similarity, they are differentially distributed and perform distinct functions 56 . Of note, ROCK1 in the hypothalamus has been shown to play an important role in metabolic regulation, which is closely related to sympathetic outflow 57 . ROCK2 is more highly expressed in the brain, and induction of heart failure in rabbits by rapid ventricular pacing increases ROCK2 levels in the rostral ventrolateral 
Author Manuscript medulla, an important brainstem autonomic center 26 . Fasudil inhibits both isoforms with approximately equal affinity 58 , and thus this study is unable to address the contributions of each isoform to AngII-mediated sympatho-excitation.
At present, Fasudil is used clinically in Japan after acute ischemic stroke and for the prevention of vasospasm after surgery for subarachnoid hemorrhage 59, 60 . Another Rho kinase inhibitor, ripasudil, is also approved in Japan for the treatment of glaucoma and ocular hypertension 61 . Other clinical trials have investigated or are currently investigating Rho kinase inhibitor therapy in psoriasis, diabetic retinopathy, pulmonary arterial hypertension, erectile dysfunction, amyotrophic lateral sclerosis, spinal cord injury, atherosclerosis, and chronic kidney disease 56 .
While the clinical use of specific Rho kinase inhibitors is limited, over 30 million Americans take statins for their cholesterol-and cardiovascular risk-reducing effects. Statins inhibit HMG-CoA reductase, which is crucial in the synthesis of not only cholesterol but also isoprenoid intermediates. Post-translational isoprenylation is necessary for trafficking and activation of small GTPases like Rac, Ras, and RhoA 62 , and thus, statins not only lower cholesterol but also reduce RhoA/Rho kinase activity. Indeed, therapeutic doses of statins decrease Rho kinase activity in patients with atherosclerosis in an LDL-independent manner 63 . Our lab has similarly found that statin treatment improves autonomic function in experimental and clinical heart failure independent of LDL-lowering effects [64] [65] [66] [67] [68] , and clinical studies in patients with hypertension and chronic kidney disease support the sympatholytic effect of statins in humans regardless of the presence of hyperlipidemia [69] [70] [71] [72] . Given the strong associative [73] [74] [75] and experimental 76, 77 data linking autonomic function and mortality in cardiovascular disease, the sympatholytic effects of statins through Rho kinase inhibition may be an important mechanism by which these drugs reduce cardiovascular risk.
We acknowledge that the present study has several limitations. First, it is unclear if the dose of AngII falls within the limits of pathophysiology or if this is a strictly pharmacological dose. Similarly, we do not know if brain tissue levels of Fas are achievable by systemic administration of Fas in humans. Moreover, treatments were administered ICV and thus the exact location of their action in the brain cannot be truly known, although it is likely that concentrations of all agents would be higher near structures close to the ventricular system (e.g. SFO). Finally, the precise mechanisms by which Rho kinase is activated by AngII and the downstream mechanisms by which Rho kinase induces sympatho-excitation remain to be elucidated.
NOVELTY AND SIGNIFICANCE
What is New?
• Angiotensin II in the brain raises blood pressure and increases cardiac and global sympathetic outflow by a Rho kinase-dependent mechanism.
• Direct recordings of sympathetic nerve activity indicate that Rho kinase inhibition prevents the chronic renal sympatho-excitation and baroreflex dysfunction caused by central angiotensin.
What is Relevant?
• Because of the link between autonomic dysfunction and mortality in cardiovascular disease, Rho kinase inhibition may be a promising therapy for hypertensive patients.
•
Statins reduce Rho kinase activity and sympathetic outflow, and this study suggests that Rho kinase inhibition may be an important LDLindependent protective mechanism for the >30 million Americans currently taking statins.
Summary •
The Rho kinase pathway is a crucial mediator of the deleterious autonomic effects of angiotensin II and may be an important therapeutic target in cardiovascular disease. Overview Summary. Central AngII activates Rho kinase signaling downstream of AT1R, leading to baroreflex dysfunction, sympatho-excitation, and hypertension. 
